Antiandrogens are initially effective in controlling prostate cancer (CaP), the second most common cancer in men, but resistance, associated with the loss of androgenregulated cell cycle control, is a major problem. At present there is no effective treatment for androgen-independent prostate cancer (AIPC). Cellular proliferation is driven by cyclin-dependent kinases (CDKs) with kinase inhibitors (for example, p27) applying the breaks. We present the first investigation of the therapeutic potential of CDK inhibitors, using the guanine-based CDK inhibitor NU2058 (CDK2 IC 50 ¼ 17 lM, CDK1 IC 50 ¼ 26 lM), in comparison with the antiandrogen bicalutamide (Casodex) in AIPC cells. A panel of AIPC cells was found to be resistant to Casodex-induced growth inhibition, but with the exception of PC3 (GI 50 ¼ 38 lM) and CWR22Rv1 (GI 50 ¼ 46 lM) showed similar sensitivity to NU2058 (GI 50 ¼ 10-17 lM) compared to androgen-sensitive LNCaP cells (GI 50 ¼ 15 lM). In LNCaP cells and their Casodex-resistant derivative, LNCaP-cdxR, growth inhibition by NU2058 was accompanied by a concentrationdependent increase in p27 levels, reduced CDK2 activity and pRb phosphorylation, a decrease in early gene expression and G1 cell cycle phase arrest in both cell lines. In response to Casodex, there were similar observations in LNCaP cells (GI 50 ¼ 673 lM Casodex) but not in LNCaP-cdxR cells (GI 50 ¼ 2475 lM Casodex).
Introduction
Prostate cancer (CaP) is the second most prevalent type of cancer diagnosed in men in the western world and the leading cause of cancer mortality in older men (Edwards et al., 2005) . Because early-stage CaPs depend on androgens for growth and survival, androgen deprivation by surgical or chemical castration has been used as the main therapeutic intervention in the treatment of the disease (Feldman and Feldman, 2001 ). Despite initial responsiveness to androgen ablation therapy, tumor cells invariably relapse to an androgen-independent (AI) and antiandrogenresistant state that ultimately leads to mortality. At present there is no effective treatment for androgen-independent prostate cancer (AIPC), highlighting the pressing need to develop new alternative therapeutic strategies.
Cellular proliferation is driven by the periodic association of cyclin-dependent kinases (CDKs) and their partner cyclins and controlled by kinase inhibitors, for example p27, and dysregulation of this finely orchestrated process is a characteristic of cancer. The progression from a quiescent state G0/G1 into S phase is driven by cyclin D1/CDK4/6 and cyclin E/CDK2 phosphorylation of pRB, release of E2F1 and activation of immediate early genes (for example thymidylate synthase, TS) (Harbour et al., 1999) . Reduced levels of p27, an inhibitor of CDK2, and increased levels of CDK2 and cyclin E are indicators of poor prognosis and associated with androgen independence (Guo et al., 1997; Macri and Loda, 1998; Gregory et al., 2001; Karan et al., 2002) . Androgen withdrawal caused G1 arrest in androgen-dependent LNCaP cells and the reintroduction of androgens resulted in increased expression of cyclins A and B1, and CDK1 and CDK2 with resultant increase in CDK2 activity and pRb phosphorylation, but no change in cyclins D1 or E or CDK4 or -6 or p16, p21 or p27 (Taneja et al., 2001) . Antiandrogens block the androgen-androgen receptor (AR) binding that promotes cell cycle progression and inhibits cell cycle arrest (Masiello et al., 2002) , therefore one potential tool for the treatment of AIPC is to inhibit cell cycle progression by inhibiting CDK2 directly.
Encouraging preclinical data were obtained with the pan-CDK inhibitor flavopiridol, which induced growth inhibition in CaP cells (Drees et al., 1997; Li et al., 2000) . However, in a phase II clinical trial in patients with advanced hormone refractory CaP, flavopiridol demonstrated poor response as a single agent. The more selective CDK1/2 inhibitor, olomoucine, was synergistic in combination with antiandrogen, in CaP cell lines (Knillova et al., 2004) , but these specific CDK inhibitors have not been evaluated as single agents for the treatment of AIPC. O 6 -cyclohexylmethylguanine, NU2058, is a competitive inhibitor of CDK2 with respect to ATP (K i value CDK2, 1273 mM) that binds in the ATP binding pocket in a different orientation from other purine-based inhibitors, including olomoucine and roscovotine (Arris et al., 2000) . NU2058, which is a slightly less potent inhibitor of CDK1 (CDK2 IC 50 ¼ 17 mM and CDK1 IC 50 ¼ 26 mM), is the lead compound in a structure-based drug discovery program to develop more potent and selective CDK inhibitors (Hardcastle et al., 2004) . Cellular studies using NU2058 demonstrated inhibition of both MCF-7 breast cancer cell proliferation and target protein phosphorylation consistent with CDK1 and CDK2 inhibition.
We report here an investigation of NU2058 in comparison with the antiandrogen bicalutamide (Casodex) in parental androgen-dependent LNCaP cells and a panel of AIPC cells, including the LNCaP sublines LNCaP-cdxR and LNCaP-AI. All AIPC cells were resistant to Casodex-induced growth inhibition but showed more broadly similar sensitivity to NU2058 compared with LNCaP cells. The effects of NU2058 and Casodex on cell cycle events and cell growth were determined in the matched LNCaP cells and LNCaPcdxR cells, selected for growth in the presence of Casodex to reflect the development of AIPC in patients. Growth inhibition by NU2058 was accompanied by an arrest in the G1 phase of the cell cycle, a reduction in pRb phosphorylation, an increase in p27 levels and a decrease in early gene expression in both cell lines. In response to Casodex, there were similar observations in LNCaP cells but not in LNCaP-cdxR cells. These investigations provide the first evidence that CDK2 inhibition represents a suitable therapeutic strategy for the control of CaP that fails to respond to antiandrogens.
Results

NU2058-induced growth inhibition
The sensitivity to Casodex-and NU2058-induced growth inhibition was determined in CaP cell lines (Figure 1 ) and pooled GI 50 data are given in Table 1 . LNCaP-cdxR cells displayed a four-fold resistance to Casodex compared to parental cells. The effect of Casodex and NU2058 on cell growth was also investigated in an additional A1 LNCaP cell subline, LNCaP-AI. LNCaP-AI cells along with the AI and AR negative DU145 and PC3, and AI CWR22Rv1, which express a truncated AR lacking part of its ligand-binding domain (Tepper et al., 2002) , were all 4 five-fold resistant to Casodex compared to parental cells (GI 50 430mM). In contrast, LNCaP-cdxR, LNCaP-AI and DU145 cells displayed similar sensitivity to NU2058, whereas PC3 cells and CWR22Rv1 cells were two-and four-fold less sensitive to NU2058 inhibition, respectively, possibly reflecting the different origin of these cells. Further investigations of the mechanisms responsible for growth inhibition by Casodex and NU2058 were conducted in hormone-sensitive and -resistant LNCaP cells using 6 and 24 mM Casodex (GI 50 in LNCaP and LNCaPcdxR, respectively) and 15 and 45 mM NU2058 (approximate GI 50 and GI 80 in both cell lines).
NU2058 induces cell cycle reduction in S phase
We investigated the effects of Casodex and NU2058 on cell cycle distribution in both LNCaP and LNCaP-cdxR cells lines. Determination of the normal cell cycle distribution by flow cytometry of propidium iodidestained cells revealed a large population in G1-phase (X60%) and a small population of cells in S phase (p20%) making changes in G1-S-phase transition difficult to detect. Nevertheless, a concentration-dependent increase in G 1 and decrease in S-phase fraction was observed in both parental and LNCaP-cdxR cells treated with NU2058 for 24 or 48 h (Table 2a) . Casodex caused only a modest decrease in S phase and increase in G1, which was more marked in the parental cells at 24 h (Table 2b ). To confirm these data, we investigated the c CWR22Rv1 cells have a doubling time of 3 days, so GI 50 values were calculated after 9 days of continuous exposure.
Therapeutic potential of CDK inhibitor NU2058
AC Rigas et al incorporation of the thymidine analog bromodeoxyuridine (BrdUrd) into the DNA of proliferating cells to obtain an estimate for the fraction of cells in S phase. Cells were treated with Casodex or NU2058 and harvested at 24 and 48 h for analysis of BrdUrd incorporation by flow cytometry (Figure 2 ). Casodex inhibited S-phase entry to a greater extent in parental cells, such that after 48 h treatment with 24 mM Casodex resulted in a 36-40% reduction of BrdUrd incorporation in LNCaP cells and 22-25% reduction in LNCaPcdxR cells. NU2058 caused a much more profound suppression of S phase in both cell lines. After 48 h treatment with 45 mM NU2058, BrdUrd incorporation was inhibited by 84-86% and 95-99% in LNCaP and LNCaP-cdxR cells, respectively.
NU2058 inhibits phosphorylation of pRb
We examined the effect of NU2058 on the phosphorylation status of Rb protein by western blotting using an antibody specific to pRb phosphorylated at T821 ( Figure 3 ). T821 is phosphorylated in vitro preferentially by cyclin E/cyclin A-Cdk2 complexes, and phosphorylation at this site inhibits E2F binding (Knudsen and Wang, 1997) . Treatment of LNCaP and LNCaP-cdxR cells with NU2058 for 24 and 48 h caused a reduction in Rb phosphorylation ( Figure 3a ). Densitometric analysis of the western blots revealed a 52% reduction in phosphorylation at T821 in LNCaP cells and 76% reduction in LNCaP-cdxR cells after exposure to 15 mM of NU2058 for 24 h. A similar loss was observed at 48 h. After treatment with the higher concentration of NU2058 (45 mM), phosphorylation at T821 was reduced by 82% in LNCaP cells and 78% in LNCaP-cdxR cells at 24 h. Similar effects were observed at 48 h. These results are consistent with NU2058 acting as a CDK2 inhibitor and the profound inhibition of BrdU incorporation. Surprisingly, treatment with Casodex for 24 and 48 h increased phosphorylation of pRb at T821 in both cell lines (Figure 3b ), suggesting that growth inhibition was not mediated by CDK2 inhibition. In addition to the T821 site, NU2058 reduced phosphorylation of pRb at S807/811, a target for phosphorylation by CDK4/6 in both LNCaP and LNCaP-cdxR cells (Figure 3c ). However, Casodex reduced pRb phosphorylation at S807/811 in a timeand concentration-dependent manner in LNCaP cells but not in LNCaP-cdxR cells (Figure 3d ). These results suggest a possible role for the AR signaling pathway in CDK4/6 activity.
Neither NU2058 nor Casodex treatment of LNCaP and LNCaP-cdxR cells caused any significant difference in total pRb levels or a significant increase in hypophosphorylated Rb levels (data not shown).
NU2058 inhibits TS expression
Phosphorylation of pRb has been shown to be required for the induction and maintenance of the expression of 'immediate early' dNTP metabolic enzymes, including dihydrofolate reductase, ribonucleotide reductase subunits and TS, in proliferating cells (Angus et al., 2002) . We, therefore, determined the effect of NU2058 and Casodex on the expression levels of TS by immunoblotting cell extracts with an anti-TS antibody (Figure 4 ). NU2058 caused a marked concentration-dependent decrease in TS levels in both LNCaP and LNCaP-cdxR cells (Figure 4a ) such that following exposure to 45 mM 
NU2058 increases p27 protein expression
Because NU2058 induced a G1 arrest in the cell lines (Table 2) , we investigated the expression of CDK inhibitor proteins, p21 and p27, which are known to elicit G1 arrest when overexpressed. Interaction of p27 with CDK2 and cyclin E prevents subsequent entry into the S phase of the cell cycle. Treatment with 45 mM NU2058 increased p27 levels by threefold by 48 h in LNCaP cells (Figure 5a ) and by five-and sixfold at 24 and 48 h, respectively, in LNCaP-cdxR cells (Figure 5c ). Casodex had no significant effect on p27 protein expression in either cell line (Figures 5b and d) , consistent with its lack of effect on pRb phosphorylation at T821. Furthermore, neither NU2058 nor Casodex showed any significant effect on p21 levels in either cell line.
CDK2 kinase activity is decreased in NU2058-treated cells
We measured CDK2 kinase activity in LNCaP and LNCaP-cdxR cells following treatment with NU2058 and Casodex ( Figure 6 ). CDK2 was immunoprecipitated from cells and radioactive kinase assays were performed using histone H1 as substrate. Both LNCaP and LNCaP-cdxR cells exposed to NU2058 displayed a decrease in CDK2 activity (Figure 6a) . In marked contrast, Casodex (24 mM) only inhibited CDK2 activity in LNCaP cells but had no effect on LNCaP-cdxR cells ( Figure 6b ).
Discussion
At present there is no effective therapy for AIPC and there is therefore a pressing need for new therapeutic approaches. AIPC is associated with the loss of the CDK2 inhibitor, p27 (Macri and Loda, 1998) , and the upregulation of CDK2 and cyclin E suggesting that inhibiting CDK2 activity directly may be a useful approach to restore cell cycle arrest and thus inhibit proliferation. We investigated the therapeutic potential of the guanine-based CDK inhibitor NU2058 in AIPC. Initial studies in a panel of AIPC cells confirmed their resistance to Casodex-induced growth inhibition and demonstrated a range of sensitivities to NU2058, some of which may have been attributable to their different genetic origin. To compare the effects of NU2058 and Casodex on androgen-dependent and -independent CaP cells of the same genetic background, we created antiandrogen-resistant LNCaP cells. This allowed us to examine the effects of both Casodex and NU2058 in matched cell lines, reflecting the initial antiandrogenresponsive state of CaP and the development of AIPC at relapse, without the added complication of additional genetic differences that confound the interpretation of data obtained using cell lines established from different patients. The LNCaP-cdxR and LNCaP-AI cell lines represent the clinical pathogenesis of AIPC and are more likely to be related to the parental cell line, thus the effects observed are more probably due to loss of androgen dependence. Experimental development of resistance to Casodex has been shown to have a variety of causes, for example mutation of the AR (Hara et al., 2003) or increased AR expression (Kokontis et al., 2005) , no doubt reflecting the multiple potential causes of clinical resistance. Interestingly, AR levels in our LNCaP-cdxR cell line are similar to the parental LNCaPs and sequencing of the AR did not reveal any additional mutations (data not shown). These Casodex-resistant cell lines are a useful tool for the development of therapies for AIPC. We observed that whereas LNCaP and LNCaP-cdxR cells display differential sensitivity to Casodex they are similarly sensitive to growth inhibition by NU2058, thus demonstrating sensitivity to CDK2-inhibiting drugs. We investigated the mechanism underlying the growth inhibitory effects of NU2058 further. NU2058 caused an accumulation of cells in G0/G1 and a profound decrease in the S-phase fraction. Consistent with these results, NU2058 also inhibited phosphorylation of pRb at CDK2 selective targets and inhibited the kinase activity of cellular CDK2 in both cells lines. Such G1 accumulation and reduced phosphorylation of pRB T821 has been observed with CDK2 RNA knockdown but not CDK1 knockdown (Cai et al., 2006) , confirming that CDK2 is the primary target of NU2058 in LNCaP cells. The antiproliferative effect of NU2058 was also associated with the modulation of TS levels, which are also controlled by pRb and associated with S-phase entry. Interestingly, the NU2058-induced G1 arrest was accompanied by increased expression of p27 providing further insights into the potential mechanism of cell cycle arrest by NU2058. Levels of p27 protein are regulated by ubiquitin-dependent proteolysis (Kawamata et al., 1995; Ponce-Castaneda et al., 1995; Ferrando et al., 1996) , which involves phosphorylation at Thr187 by CDK2 and recognition of Thr187-phospho-p27 by the SCFSkp2 ubiquitination system (Montagnoli et al., 1999) . Thus, inhibition of CDK2 by NU2058 may increase p27 levels by inhibiting p27 degradation, thereby contributing to further CDK2 inhibition with time.
In contrast, Casodex caused a less marked accumulation in G1 and reduction in S phase in LNCaP cells, similar to that observed following androgen withdrawal in this cell line that was associated with a decrease in CDK4/6 but not CDK2 phosphorylation of pRb. This observation contrasts with previous reports of increased CDK2 and cyclin A but not CDK4/6 or cyclin D1 after androgen stimulation of androgen-starved LNCaP cells (Taneja et al., 2001 ) and suggests a possible role for the AR signaling pathway in CDK4/6 activity.
In addition to its established function in G1 and S phases, CDK2 has also been described to have a role in G2/M (Hu et al., 2001) . NU2058 also inhibits the G2/M CDK, CDK1, but we did not observe G2/M accumulation indicating that at the concentrations used in the work reported here NU2058 was acting principally by CDK2 inhibition. However, a role for CDK1-cyclin E in the regulation of the G1/S-phase transition has also been suggested (Aleem et al., 2005) . Thus, the dual inhibition of CDK1/CDK2 could contribute to the observed G1 arrest. Alternatively, it is possible that direct or indirect effects on CDK4/6 activity, alone or in concert with CDK2 inhibition are causing arrest.
We report here the first demonstration of the potential utility of small molecule CDK inhibitors alone for the treatment of AIPC, coupled with an in-depth investigation of the underlying mechanism. Although suitability of CDK2 as a therapeutic target has been questioned (Tetsu and McCormick, 2003) , our data show that NU2058 can inhibit the growth of CaP cells in a manner consistent with inhibition of CDK2. This is further supported by the observation that NU2058 and CDK2 knockdown with siRNA caused similar effects in MCF7 cells (Neil Johnson, manuscript submitted for publication) as we demonstrate here. These data provide preliminary evidence that inhibition of CDK2 is a valid therapeutic maneuver in advanced CaP. 
Materials and methods
Materials
Cell culture
Tissue culture reagents were purchased from Sigma. LNCaP, DU145, PC3 and CWR22Rv1 cells were obtained from the American Type Culture Collection (Manassas, VA, USA). LNCaP, LNCaP-cxdR, DU145, PC3 and CWR22Rv1 cells were maintained in RPMI 1640 media supplemented with 10% fetal calf serum (FCS), L-glutamine, 1% penicillin and 1% streptomycin at 371C in 5% CO 2 atmosphere. LNCaP-cdxR cells were generated by exposing LNCaP cells to increasing concentrations of Casodex in normal growth medium over a 4-month period. Individual clones displaying resistance to 2 mM Casodex were isolated and expanded in 2 mM Casodexcontaining medium except for the duration of experiments. LNCaP-AI were generated by continuous culturing of LNCaP cells in RPMI 1640 media supplemented with 10% FCS that had been stripped of steroids by treatment with dextran-coated charcoal (Halkidou et al., 2003) .
Growth inhibition assays
Cells were seeded into 96-well plates at a density shown previously to give exponential growth and approximately three cell doublings throughout the exposure period, that is 1.5 Â 10 3 cells/well for CWR22Rv1 cells and 1 Â 10 3 cells/ well for all other cell lines in 100 ml tissue culture medium. After overnight attachment, the cells were exposed to varying concentrations of Casodex and NU2058 for 9 days for CWR22Rv1 cells and 4 days for all other cell lines, then fixed and stained with sulforhodamine B as described previously (Skehan et al., 1990) . The concentration required to inhibit cell growth by 50% (GI 50 ) was calculated from pointto-point graphs using GraphPad Prism (San Diego, CA, USA) software.
Cell cycle analysis
Parental and derivative LNCaP cells seeded in 90 mm dishes were treated with Casodex or NU2058 for 24 and 48 h. Exactly 2 h before harvesting, cells were treated with 10 mM BrdUrd. Cells were harvested, pelleted and resuspended in 300 ml of ice-cold phosphate-buffered saline (PBS), fixed by gentle addition of 700 ml of ice-cold 100% ethanol and kept overnight at 41C. For BrdUrd staining of proliferating cells, cells were resuspended in 2.5 ml of 2 M HCl at room temperature for 20 min to isolate nuclei. Nuclei were then washed twice with 10 ml of ice-cold PBS and resuspended in 200 ml PBS, 0.5% Tween-20 and 1% bovine serum albumin (BSA) containing 4 ml of mouse anti-BrdUrd antibody (1:50, DAKO, Cambridgeshire, UK) for 1 h at room temperature. Nuclei were washed twice with 5 ml of ice-cold PBS and resuspended in 200 ml PBS, 0.5% Tween-20 and 1% BSA containing 8 ml of rabbit anti-mouse FITC conjugate antibody (1:25; DAKO) for 30 min in the dark at room temperature. Nuclei were washed twice more with 5 ml of ice-cold PBS and resuspended in 400 ml PBS, 50 ml 5% Triton X-100/50 mg/ml propidium iodide and 50 ml of 1 mg/ml RNase A and incubated in the dark for 30 min at room temperature. The fluorescence of stained cells was measured using an FACScan flow cytometer and the Cell Quest program (BD Biosciences, Oxford, UK).
Western blotting
Parental and derivative LNCaP cells seeded in 90 mm dishes were treated with Casodex or NU2058 for 24 and 48 h. At the end of the experiment, cells were washed with PBS and lysed with Laemmli lysis buffer (20% glycerol, 4% SDS and 100 mM Tris, pH 6.8). For immunoblot analysis, protein lysates were denatured in 4 Â SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) sample buffer and subjected to SDS-PAGE on 12% Tris-glycine gels (BioRad, Herfordshire, UK). The separated proteins were transferred onto nitrocellulose membrane followed by blocking with 5% nonfat milk powder in Tris-buffered saline (20 mM Tris, 500 mM NaCl) for 1 h at room temperature or overnight at 41C. Membranes were probed for the proteins levels of CDK2 phosphorylated pRb T821 (Biosource, Camarillo, CA, USA), CDK4/6 phosphorylated pRb S807/811 (Cell Signalling Technology, Herts, UK), TS (Abcam, Cambridge, UK), CDK2, p27 (Santa Cruz Biotechnologies, Heidelberg, Germany), p21 (Oncogene Research Products, Nottingham, UK) and a-tubulin using specific primary antibodies, followed by peroxidase-conjugated appropriate secondary antibody and visualization by the ECL detection system (Amersham Biosciences).
CDK2 immunoprecipitation -kinase assay
Exponentially growing parental and derivative LNCaP cells (8-10 Â 10 5 ) were exposed to Casodex or NU2058 for 1 h. Cells were washed in PBS, harvested and lysed in reaction lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.2 mM Na 3 VO 4 , 0.5% NP40, 1 mM PMSF, 1 mM dithiothreitol, 25 mg/ml leupeptin, 25 mg/ml aprotinin and 25 mg/ml pepstatin) on ice for 30 min. Lysates were centrifuged at 14 000 g for 3 min. Supernatants were precleared with 20 ml protein G sepharose (PGS) after three washes in reaction lysis buffer and rotated at 41C for 4 h. PGS and nonspecific-bound protein were removed by centrifugation at 14 000 g for 5 min. Immunoprecipitation was performed with 2 mg of polyclonal anti-CDK2 antibody (Santa Cruz Biotechnology) and samples were incubated overnight at 41C with rotation. After incubation, a further 20 ml of PGS were added to immunoprecipitated samples and returned to 41C for 1 h with rotation. PGS with bound protein complexes was recovered by centrifugation at 14 000 g for 5 min and beads were washed once in wash buffer (PBS, 0.2% Triton X-100) and twice in PBS. Phosphorylation of histone H1 was measured by incubating the beads for 10 min at 301C with g[ 32 P]ATP, 1 mM ATP, CDK buffer (50 mM Tris, pH 7.5, 5 mM MgCl 2 ) and histone H1 (5 mg/ml) as substrate. The reaction was stopped by the addition of 50 ml Laemmli buffer. Samples were analysed by 12% SDS-PAGE and the gel was dried and subjected to autoradiography.
Statistical analysis
Statistically significant changes were determined by Student's t-test (paired or unpaired as appropriate) using GraphPad Prism software. Pp0.05 was considered significant.
